Inhibition of the respiratory chain complex I plays a key role in the pathogenesis of metformin-induced lactic acidosis. In a work recently published in this journal, a novel cell-permeable succinate prodrug (NV118) increased in vitro mitochondrial oxygen consumption coupled with energy production and decreased lactate production in intact human platelets intoxicated with metformin. This result was interpreted in light of a "bypass" strategy. NV118 entered platelets and released succinate in their cytoplasm; succinate in turn donated electrons to complex II and thus reactivated the flow of electrons to the distal part of the respiratory chain independent of complex I. Herein, I will (1) comment on these findings; (2) highlight the potential therapeutic application of succinate in other critical conditions accompanied by complex I inhibition, including sepsis, traumatic brain injury, and inherited neurological disorders; and (3) examine the most important issues that remain to be solved to transfer these observations to the bedside.
Mitochondria are the "powerhouse" of the cell. They generate energy in the form of adenosine triphosphate (ATP) through oxidative phosphorylation. The electron transport (or respiratory) chain consists of enzyme complexes and carrier molecules associated with the inner mitochondrial membrane. Oxidation of nutrients is coupled with reduction of nicotinamide (NADH) and flavin (FADH 2 ) adenine dinucleotides that transfer electrons to complexes I and II, respectively. Electrons then flow through complexes III and IV, transported via ubiquinone and cytochrome c, and finally reduce oxygen to water. Electron transfer through complexes I, III, and IV generates a proton-motive force across the inner mitochondrial membrane that is used by complex V (the ATP synthase) to generate ATP [8] . The complete oxidation of one molecule of glucose produces 10 molecules of NADH and 2 molecules of FADH 2 . Therefore, most of electrons normally enter the respiratory chain through complex I, missing out complex II.
By inhibiting complex I, metformin can interfere with aerobic energy production: mitochondria no longer generate enough ATP to ensure cellular activity and viability even if substrates, including oxygen, are provided adequately. Extra-mitochondrial anaerobic energy production, which is linked to lactate generation, accelerates to limit ATP depletion and retard cell death. Lactic acidosis then develops [6, 9] .
Currently, there is no specific cure for metformin-induced lactic acidosis. Treatment is based on removing the drug, usually with extracorporeal renal therapy, lowering whole-body energy demand (for example, with sedation and mechanical ventilation), and correcting life-threatening acid-base alterations. Mortality is 20-30% [10] .
Main text
In a recent issue of this journal, Dr. Piel and colleagues report their findings in vitro on the use of a novel cell-permeable succinate prodrug (NV118) or methylene blue in intact human platelets exposed to toxic doses of metformin (10-50 mmol/L) [11] . As expected, metformin dose-dependently decreased mitochondrial oxygen consumption and increased lactate production. NV118, but not methylene blue, mitigated these abnormalities: it increased mitochondrial respiration linked to energy production (up to 46%) and decreased lactate production (down to 50%) compared to untreated, intoxicated platelets.
Discussion
Succinate is an intermediate of the Krebs cycle. It is produced in the mitochondrial matrix from succinyl-CoA by the succinyl-CoA synthase; it is then oxidized to fumarate by the succinate dehydrogenase, a subunit of complex II of the electron transport chain. Complex II consists of four subunits. Two are hydrophilic and project into the matrix: they contain the succinate-binding site. The other two are hydrophobic and are embedded in the inner mitochondrial membrane: they contain the ubiquinone-binding site. The succinate-binding site is connected to the ubiquinone-binding site by a chain of redox centers including the FAD and other iron-sulphur clusters. When succinate is oxidized to fumarate by the succinate dehydrogenase, as part of the Krebs cycle, electrons are sequentially transferred to the FAD (that is transiently reduced to FADH 2 ), iron-sulphur centers, and then to ubiquinone (that is transiently reduced to ubiquinol). In turn, ubiquinol transfers electrons to complex III [8, 12] . Therefore, by coupling the oxidation of succinate to fumarate in the mitochondrial matrix with the reduction of ubiquinone in the inner mitochondrial membrane, complex II links the Krebs cycle to the respiratory chain.
The positive results of the study were searched and interpreted in light of a "bypass" strategy ( Fig. 1) [11, 13] . NV118 accessed the intracellular space of intact platelets with complex I inhibited by metformin. There, it released succinate that entered the Krebs cycle and directly transferred electrons to complex II, thus enabling a shortcut route to ATP production via oxidative phosphorylation. Electron transfer downstream complex I, coupled with mitochondrial oxygen use, reactivated the translocation of protons at complexes III and IV, the generation of the proton-motive force, and the synthesis of ATP via aerobic metabolism. Anaerobic lactate generation accordingly decreased.
The conclusion of Dr. Piel and colleagues-that the pharmacological bypass of complex I with cell-permeable succinate prodrugs is a promising treatment strategy for metformin-induced lactic acidosis-is supported by other studies. For example, in 2000, two research groups independently reported that metformin intoxication reduces mitochondrial oxygen consumption of permeabilized rat hepatocytes or hepatoma cells in the presence of glutamate and malate (substrates for complex I) but not with succinate [14, 15] . This finding was correctly interpreted as evidence for selective inhibition of complex I, but the potential therapeutic value of succinate was not realized (or at least it was not clearly mentioned). Few years later, another research group demonstrated that methyl succinate limits metabolic alterations and death of rat pancreatic β-cells intoxicated with metformin [16] . Fig. 1 Succinate ameliorates mitochondrial oxygen use and energy production when complex I is inhibited, as during metformin intoxicationRespiratory electron transfer and phosphorylation of ADP to produce ATP are indirectly coupled through the proton-motive force that is generated by the activity of the electron transport chain [8] . At toxic dose, metformin somehow inhibits complex I; the flow of electrons through the respiratory chain and related mitochondrial oxygen use, proton-motive force, and energy production accordingly decrease. Succinate delivered into the cell is oxidized to fumarate (as part of the Krebs cycle) by the succinate dehydrogenase, a subunit of the respiratory chain complex II. This reaction is coupled with the direct transfer of electrons to ubiquinone (Q) and to the more distal part of the respiratory chain, independent of complex I. Thanks to this "bypass" strategy, succinate improves mitochondrial respiration, coupled proton extrusion, and energy production during metformin intoxication.
As part of a larger research project [9] , my colleagues and I infused succinate to pigs with metformin-induced lactic acidosis, while monitoring their whole-body oxygen consumption (with indirect calorimetry) and blood lactate level (with a blood gas analyzer). Animals were sedated and mechanically ventilated. Metformin intoxication was obtained by infusing 6-8 g of metformin IV in few hours. As a result of metformin accumulation, whole-body oxygen consumption declined and lactic acidosis progressively developed, even if systemic oxygen delivery was grossly preserved. These findings are consistent with impaired mitochondrial oxygen use and energy production (please refer to ref. [9] for further details on this animal model). Succinate was prepared as disodium salt diluted in water (in two animals) or dimethyl ester diluted in water with Tween 80 as emulsifier (in seven animals); its infusion was started either before (in five animals) or after (in four animals) inducing metformin intoxication. Results of these experiments were always negative: changes over time of whole-body oxygen consumption and blood lactate level were exactly the same in treated and untreated, intoxicated animals (unpublished data). As discussed below, inability of succinate to diffuse from the intravascular to the intracellular space is the most plausible explanation for these results. Dr. Piel and colleagues themselves could not replicate their positive findings when they used succinate or its dimethyl ester instead of the cell-permeable NV118 [11, 13] .
Several other critical diseases associated with predominant or selective inhibition of complex I may benefit from the use of succinate. For example, infusion of succinate prevented the decrease in liver ATP content and prolonged survival time in two different animal models of sepsis [17, 18] . My colleagues and I noted that succinate improves ex vivo mitochondrial oxygen consumption in skeletal muscle from rats with moderate-to-severe sepsis, otherwise characterized by inhibition of complex I but not complex II [19] . In humans with severe traumatic brain injury, succinate delivered by microdialysis to the injured brain is metabolized via the Krebs cycle and lowers the lactate-to-pyruvate ratio [20] . Anecdotally, oral succinate controlled convulsions refractory to conventional therapy in a subject with inherited dysfunction of complex I [21] . Ex vivo, NV118 and other cell-permeable succinate prodrugs increased mitochondrial oxidative phosphorylation in fibroblasts from a subject with another inherited defect in complex I [13] .
Several issues related to the use of succinate as a drug remain to be properly addressed. Herein, I will focus on three of them, which I consider most important. First, many mammalian membranes are impermeable to succinate [13] and some of them are impermeable even to succinate methyl esters [13, 22, 23] . Our own negative results reported above can be explained in light of this limitation. Novel cell-permeable succinate prodrugs, such as NV118, work well in vitro, with cells suspended in saline or other buffer [11] , but apparently lack sufficient plasma stability to be infused IV [13] . Dietary succinate is well-tolerated and results in increased circulating succinate level in healthy mice [24] ; however, its bioavailability is probably reduced in critically ill subjects. A succinate-containing drug manufactured in Russia (Mexidol®) increases succinate content in blood and tissues when injected intraperitoneally to rats [25] . It is licensed for use in humans and is marketed as tablets or ampules (for intramuscular or intravenous injection). Second, when beneficial, succinate improves but does not fully correct metabolic alterations induced by inhibition of complex I [11, 19] . Aside from low penetration into cells, this result may also depend on concomitant inhibition of complex II or other parts of the electron transport chain [9, 26] or on limited availability of intermediates involved in metabolism of succinate. Of note, electron flow through complex II is not associated with proton translocation across the inner mitochondrial membrane. Therefore, for any given oxygen consumption, the amount of ATP that is generated with succinate is (approximately 40%) lower than that generated with substrates that are specific for complex I. Third, growing evidence suggest that succinate acts as a signaling molecule, normally involved in the activation of the pro-inflammatory response to tissue injury [27] or microbial components [28] . In a model of ischemia-reperfusion, it initiated tissue injury. In fact, succinate accumulated in tissue during ischemia; during reperfusion, when the activity of complex V was limited by the low level of adenosine diphosphate (ADP) (consumed during ischemia), it drove reverse electron flow through complex I, with overproduction of reactive oxygen species. There, decreasing rather than increasing succinate tissue level proved beneficial [29] .
Conclusions
Complex I is by far the most complex component of the respiratory chain. This can be the reason why it is much more vulnerable to dysfunction or damage than other complexes, including complex II. Succinate may be a substrate to support the Krebs cycle and ATP generation by oxidative phosphorylation when mitochondrial function is impaired, as it transfers electrons to the respiratory chain downstream complex I. Several issues still need to be addressed, including those related to how to administer succinate in vivo. Therapeutic implications are not limited to metformin intoxication; they extend to several other critical conditions accompanied by some degree of mitochondrial dysfunction. As long as it means bypassing a defective complex I to reactivate energy production, taking a shortcut should not be regarded as cheating. 
